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An efTective model for QED with the addition ol a nonminimal coupling with a chiral character is 
investigated. This term, which is proportional to a fixed 4- vector b^, violates Lorentz symmetry and 
may originate a CPT-even Lorentz breaking term in the photon sector. It is shown that this Lorentz 
^>s^ ■ breaking CPT-even term is generated and that, in addition, the chiral nonminimal coupling requires 

this term is present from the beginning. The nonrenormalizability of the model is invoked in the 
. discussion of this fact and the result is confronted with the one from a model with a Lorentz-violating 

^SJ ■ nonminimal coupling without chirality. 
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I. INTRODUCTION 

^ ' Lorentz violating models are being object of intensive investigation since the beginning of the nineties 

(D. ^-M- The Standard Model Extension (SME) [l|-i proposes a wide range of possibilities in this 

i-C ■ context, concerning both the gauge and fermion sectors. There are two particularly interesting terms 

in the photon sector of the SME: the CPT-odd term of Carroll-Field- Jackiw [l7| and a CPT-even term 
which is quadratic in the field strength [2]. In the context of the SME, there have been great interest 
^ ■ in the quantum induction of the Carroll-Field- Jackiw term (2^-(36i|. On the other hand, the radiative 

. generation of the CPT-even one (an aether- like term Q) has been investigated in the context of effective 

■ models which include a Lorentz violating nonminimal (magnetic) coupling Q, Q, 0- The perturbative 
generation of higher derivative Lorentz-breaking terms from the nonminimal coupling has also been 
investigated [1]. 

I This kind of model has been considered before in papers '^^ ^^e context of Relativistic Quantum 

Mechanics. It was used in the calculation of corrections to the Hydrogen spectrum, from which very 
stringent bounds have been set up in the magnitude of the Lorentz violating parameter [l2| . It was also 
used to study the magnetic moment generation from the nonminimal coupling, since a tiny magnetic 
dipole moment of elementary neutral particles might signal Lorentz symmetry violation [isj . 
k>( , In and Q the magnetic coupling has been considered in the place of the minimal coupling in a 

■ gauge violating model. The coefficient of the induced aether-like term was shown to be regularization 
, dependent. The inclusion of the minimal coupling together with the magnetic one was considered in 

paper [sj. In this case, if a gauge invariant regularization prescription is used, there is no quantum 
induction of Lorentz-violating terms in the gauge sector (CPT-even or -odd) at one-loop order. However, 
a gauge violating regularization technique followed by a symmetry restoring counterterm in the Lorentz 
symmetric sector opens the possibility for such inductions. 

In this paper, another kind of nonminimal coupling is considered, in which the background vector 5^ 
appears coupled to the gauge field by means of a term of chiral character. It is shown that, in this 
case, there is no induction of CPT-odd terms. On the other hand, the one-loop photon self-energy will 
include an aether-like CPT-even part, with a divergent coefficient. This shows that this aether-like part 
must be included from the beginning in the gauge sector. This fact can be understood in terms of the 
nonrenormalizability of the model. If higher order contributions are considered, this term is just the first 
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one of an infinite list that should be included from the beginning. We discuss this fact is the context of 
an effective model, in which the determination of a physical cutoff is an essential step. 

This paper is organized as follows: the second section is dedicated to a general discussion on nonminimal 
coupling models; the third section presents the one-loop calculation of the photon self-energy for the model 
with a chiral nonminimal coupling; the conclusions are drawn in section four. 



II. DISCUSSION ON QED WITH NONMINIMAL COUPLINGS 

The action of a QED model with a nonminimal coupling is written as 

E = Jd^x -I- - m - e4 - .ge''''"^r^&^i^.„) v| , (1) 

where Tp = for the simple magnetic coupling and Tp — 757^ for the chiral nonminimal coupling. 
Conventional QED is recovered in the limit g — ?> 0. The action o f eq uation ([1]) describes a gauge invariant 
model with some interesting classical features as investigated in 'l(J|. Indeed, it is shown for the case with 
=7/3, that the 3-vector b plays the role of a kind of magnetic dipole moment (Jl — gb). Besides, in this 
case there is an induction of a Aharonov-Casher (A-C) effect. On the other hand, the chiral nonminimal 
coupling contributes to the interaction energy without inducting a A-C phase. 

We present now a general discussion on the one-loop correction to the photon self-energy for a QED 
with nonminimal coupling. First, a great simplification in the calculations is obtained if we write 
e^^°'^bfj_F^a- In the case of the simple nonminimal coupling, if the purpose is only the one-loop calculation 
of the vacuum polarization tensor, it is yet possible to define the field ~ eA^ -\- gB^, so that the new 
lagrangian density for the fermion sector can be written as 



C^^^P[i^-m-4j Vj. (2) 

In terms of , the one- loop correction to the photon two-point function is identical to the one for the 
conventional QED. In momentum space, we have 

T^-'ip) = tr / 7^s(p + fc)7^s(fc), (3) 

Jk 

in which s{k) is the fermion propagator and J^, stands for j d'^k/ (27r)'*. The corrections to the photon 
sector in the lagrangian density will be given by 
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--A^T^,{x)A'^ 



-A^e'T^,{x)A'' - -A^2egT^,{x)B-' - -B^^ g''T^,{x)B\ (4) 

In this case in which chirality is absent, treated in Q, the discussion of the induced Lorentz- violating 
terms can be performed in general grounds. A general expression for T^i, obtained by means of some 
regularization technique, not necessarily gauge invariant, compatible with its Lorentz structure is 

Tf^i, = {Pt^Pu - P^Qt^i) n(p^) + am'^g^.i, + /?p^_p^, (5) 

in which a and f5 are dimensionless constants. In eq. the first term is the traditional QED one. The 
second is a Lorentz-violating CPT-odd Chern-Simons-like term, which in the on-shell limit is given by 

Ccs = -aegm'e^""'^b^,A,F^p. (6) 

The third term in cq. ([3]) is a CPT-even term, which in the on-shell limit is written as 

£e.e„ = -am^gH'^F^^F^^- + 2am^g^ {b^F^^^ f , (7) 
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where 

B^S^ = 262i^^,F^- - 4 [h^F^^'^f (8) 

has been obtained with the help of some properties of the Levi-Civita tensor. We recognize in the second 
term of Ceven the Lorentz-violating aether term. 

A comment is in order. The value of the constant a is determined by the regularization procedure used 
in the calculation. If a regularization technique which preserves gauge invariance of the original QED is 
used, a will be null. However, it is always possible to choose a gauge breaking procedure and then restore 
the symmetry by means of a non-symmetric counterterm. In such case, since the Lorentz violating and 
Lorentz preserving parts are independent on each other, the Lorentz breaking terms would survive. Such 
procedure is equivalent to use different regularization techniques in different sectors. Nevertheless, the 
natural framework is using an unique regularization in the calculation of integrals which contribute to 
the same amplitude. In this case, the calculation with a gauge preserving method would not induce, at 
one-loop order, these two Lorentz-violating terms. 

The discussion above will not apply to the case of chiral nonminimal interaction, as it will be presented 
in the next section. 



III. QUANTUM CORRECTIONS TO THE QED WITH CHIRAL NONMINIMAL 

COUPLING 

We now turn our attention to the the one-loop quantum corrections to the photon sector in a model 
with a nonminimal interaction with a chiral character. We now have the following lagrangian density for 
the fermion sector: 

= ijj (i^ - m - e4 - 575-9) V'- (9) 

This fermion lagrangian in terms of the vector and axial- vector fields and -B^, in the case in which 
the fields do not depend on each other, has been vastly investigated (see, for example, [52] and |53|). The 
one-loop corrections to the photon sector will be given by 

- _ ^A^2egT^J'ix)B-^ - g^T^,\x)B'^ , (10) 

where the upper indices A and V refer to the axial and vectorial vertices, so that — T^^. In 

momentum space, we have 

T^uip) - / tr {^''s{p + kh,rs{k)} (11) 

Jk 

and 

TXip)= ftr{j,j'^s{p + kh5rs{k)}. (12) 

Jk 

The second term in (fTO|) . which would be CPT-odd, is actually identically null, since in eq. (fTTj) . we have 
in the numerator 

tr + ^ + m)Y{^ + m)} = tr {-i^Y{i) + 11^)^^} + 

+m'^tr {757''7^} + "'-tr {-/sYi^ + ^)Y} + mtr {j5YY^} 

= 4ze''«^^(p + k),kx = 4ze'"=^VfcA. (13) 

Under integration, this will vanish due to the antisymmetry of the Levi-Civita tensor. 
We are left with the CPT-even term of (ITOl). First, we can write 



tr{-f5l\^ + ^ + m)-f5Yi^ + m)} = tr {7'^(;} + ^ + m)7''(^ + m)} - 8mV^ (14) 
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so that 



where 



(27r)4 



im?) [{p — k)^ — m^] 



(15) 



(16) 



is a divergent integral and A is to indicate that some regularization prescription is apphed. We have to 
note that the contribution of the first term in ^TE\\ is identical to the one calculated with the nonminimal 
coupling without chirality. The divergent integral / can be evaluated by any regularization method. 
In order to make the regularization independence manifest, we may write equation (|16|) in a way that 
divergences are expressed in terms of the loop momentum only, as in Implicit Regularization |,54,|: 



where 



d^fc 1 



)4 (fc2 - A2)2' 



(17) 
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b — i/ (47r)'^ and A^ is an arbitrary ultraviolet mass scale. Since we are interested in the on-shell limit, we 
will be left with 



T, 



AA 



'Sliog (A^) + a + 861n( ^ 



(20) 



where a is defined in equation ([5]). So, the CPT-even term will be given by 

Ceven = -^F {m^ , X") B ^B'' 

= -F {m^, A2) [b'^F^.F^'^ - 2 {b^F^^f 
The Lorcntz- violating second term above can be mapped in the CPT-even term proposed in 0, 



(21) 



as long as we establish the relation 

Kf_,^ap = -2F (m^, A^) [g^ahubp - g^abf,bp + g^/sb^ba ~ gp.pb^ba) . 



(22) 



(23) 



We are now in position to discuss the result of equation (PT|) . First, as discussed in the last section, the 
constant a vanishes if a gauge invariant regularization technique is used, although the gauge symmetry 
of the model could be preserved if the Lorentz invariant and Lorentz-violating sectors are treated inde- 
pendently. However, the value of a is irrelevant here, since it can be absorbed in the other finite term, 
which depend on an arbitrary mass scale parameter. 

Second, the presence of a divergent term in the CPT-even coefficient is an important point to be 
analyzed. This indicates that the original classical action must contain such a term. In other words, the 
inclusion of a chiral nonminimal coupling in a modified QED requires the presence of the aether term 
from the beginning. This divergent factor multiplies also a Maxwell term. This means that the Lorentz 
preserving sector is also affected by the presence of the nonminimal interaction of chiral character. This 
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is in contrast with the case of standard nonminimal coupUng treated in papers @, Q and In that 
case, the correction to the Maxwell term (and also the induced aether term) is finite and arbitrary, with 
the possibility of being set to zero. 

Last but not least, we must take into account that our model is nonrenormalizable. We have carried 
out an one-loop calculation and, at this order in the perturbative expansion, it has been shown that a new 
term which violates Lorentz symmetry and is CPT-even should be included in the classical action. If we go 
beyond the one-loop order, certainly new other terms will have to be considered. The nonrenormalizability 
of the model tells us that there is no a finite number of counterterms that will be sufficient to renormalize 
the theory. So, if we would like to deal with this effective model, we will have to stop at one-loop 
order. For this, it is necessary to find a cutoff energy A. This can be done like in the case of the simple 
nonminimal coupling, discussed bellow. 

We have to note that higher order terms in the coupling constant will allow for higher power contribu- 
tions in the Lorentz violating parameter, with an increasing of the degree of divergence of the integrals. 
However, as demonstrated in for the vectorial nonminimal coupling, the magnitude of the back- 
ground vector is extremely small. We can impose the reasonable condition for the recovering of QED, 
|5^|A^ << 1. Since the effect of the divergences can be seen in a simplified form by substituting by 
in the coefficients, higher order calculations will furnish us higher powers of |5^|A^. So, although we 
can not prevent the proliferation of new terms beyond one-loop order, the predictability of such effective 
model is assured by the cutoff inequality above. This happens because at the same loop order each 
nonminimal vertex contributes with one factor of 6^, whereas higher loop orders with a fixed number of 
nonminimal vertices are controlled by the smallness of the coupling constant. 

In an effective model, the cutoff energy is an important parameter which should be established on 
physical grounds. Important features of a Quantum Field Theory, like causality and stability, can be 
lost at high energies [ll]. The condition imposed by the inequality |6^|A^ << 1 is so that higher 
power terms in 6^ become less significant. In [12[, it has been established a bound such that g ■ \bfj,\ < 
10~^^ {eV)~^ for the simple magnetic coupling. This bound and the inequality we propose above assure 
that such effective model is not considered at energies beyond the Planck scale. 

So, it is desirable that a calculation such that of 12| would be performed in order to establish a bound 
for the Lorentz violating parameter in the case of a chiral nonminimal coupling. In this case, we could 
consider the one-loop calculation meaningful. 



IV. CONCLUDING COMMENTS 



An effective model for QED with the addition of a chiral nonminimal coupling has been investigated. 
This term, which is proportional to a fixed 4- vector b^, violates Lorentz symmetry and originates a CPT- 
even Lorentz breaking term in the photon sector. Besides, since the coefficient of this quantum correction 
is divergent, such a model requires the presence of this aether term from the beginning in the classical 
action. This divergent factor multiplies also a Maxwell term. This means that the Lorentz preserving 
sector is also affected by the presence of the nonminimal interaction of chiral character. This is in contrast 
with the case of standard nonminimal coupling treated in the papers @, Q and Q. In that case, the 
correction to the Maxwell term is finite and arbitrary, with the possibility of being set to zero. 

The fact that the aether term should be present in the classical action from the beginning is problematic. 
If we go beyond one-loop order, the nonrenormalizability of the model tells us that there is no a finite 
number of counterterms that will be sufficient to renormalize the theory. So, if we would like to deal with 
this effective model, we will have to stop at one-loop order. For this, it is necessary to find a cutoff energy 
A. This can be done like in the case of the simple nonminimal coupling. In an effective model, the cutoff 
energy is an important parameter which should be established on physical grounds. Important features of 
a Quantum Field Theory, like causality and stability, can be lost at high energies [15,] , [16|] . The condition 
imposed by the inequality |6^|A^ << 1 is so that higher power terms in &^ become less significant. In 
[l3 |. it has been established a bound such that g ■ \b^\ < 10~^^ (eV)~^ for the simple magnetic coupling. 
This bound and the inequality we propose above assure that such effective model is not considered at 
energies beyond the Planck scale. 

So, it is desirable that a calculation such that of [12:] would be performed in order to establish a bound 
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for the Lorentz violating parameter in the case of a chiral nonminimal couphng. In this case, we could 
consider the one-loop calculation meaningful. 
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